C oncern has been growing recently about the presence of volatile organic compounds in the air, in particular aldehydes and ketones, because they give rise to complaints about irritating smells and odors in the environment (1, 2). Their major sources are automobile and industrial emissions, with hydrocarbons as the primary sources that undergo photochemical oxidation to generate gaseous aldehydes and ketones (3) . Thus, methods are needed to monitor trace levels of aldehydes and ketones in ambient air.
Because of the widely different effects of various aldehydes and ketones, ranging from eye irritation caused by ketones such as formaldehyde and acrolein to the generation of peroxyacetylnitrate (1, 4) , an important indicator for photochemical smog formation, analytical methods should be able to differentiate ketones and aldehydes sampled at a specific site. Another problem is the very low levels of aldehydes and ketones present in air, often at parts-per-billion levels. In order to differentiate automobile sources from industrial sources, the sampling and subsequent analytical procedures should be able to produce data within 1 h after sampling at the site so as to distinguish the temporal variation of traffic-related sources from more constant industrial emissions. Thus, a highly sensitive analytical method is needed.
Existing methods for the determination of aldehydes and ketones in ambient air use an extended sampling period to preconcentrate the airborne carbonyls by on-site reaction during sampling with 2,4-dinitirophenylhydrazine (DNPH) reagent (3, 5, 6) , which is either adsorbed in a cartridge or dissolved in solution. The carbonyl-DNPH derivatives formed are later eluted from a cartridge or extracted into organic solvent in the laboratory before injection into the liquid chromatograph for separation and quantitation (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .
Because of its high resolution and capability of handling small sample size, the newly developed capillary electrophoresis (CE) technique, in particular micellar electrokinetic capillary chromatography (MECC) as developed by Terabe and Otsuka (18) , provides a promising approach for the determination of low levels of aldehydes and ketones in environmental air. An advantage of MECC is that it can be used to separate both neutral and ionizable compounds. The determination of simple aliphatic aldehyde and ketones in the atmosphere (19, 20) and in water (21) by MECC has been reported. However, the method can separate only 3 or 4 aldehyde derivatives, far fewer than the 16 aldehydes and ketones (22, 23) required by the Hong Kong Environmental Department; furthermore, the sensitivity of the method is low and a long sampling period is needed.
In this study, an analytical method was developed to increase the sensitivity of the sampling/analytical procedure for monitoring aldehydes and ketones in air. A new background electrolyte (BGE) was developed for the MECC method, and the analytical procedure was optimized for the separation and quantitation of 14 aldehydes and ketones categorized as priority air pollutants by the Hong Kong Environmental Department (23). (c) Carbonyl standards.-Analytical reagent grade aldehydes and ketones (Aldrich or E. Merck) were used as received without further purification.
Experimental

Apparatus
(d) DNPH reagent.-DNPH (BDH, Poole, UK) was recrystallized twice from acetonitrile-water (1 + 5) before use. The DNPH reagent was prepared by adding 2 mL concentrated H 2 SO 4 to 0.4 g recrystallized DNPH in a 25 mL flask. Water was then added dropwise to a total volume of 3 mL, followed by 10 mL 95% ethanol.
(e) DNPH-carbonyl derivative standards.-Prepared by adding 4 mL 95% ethanol containing 0.1 g aldehyde or ketone to 3 mL freshly prepared DNPH reagent. The solution was then allowed to stand at room temperature until precipitation of the derivative was completed (24) . The precipitated derivative was then filtered, recrystallized from 95% ethanol, and stored in the dark in a refrigerator. Standard solutions were prepared by dissolving suitable amounts of recrystallized derivative in LC-grade acetonitrile (J.T. Baker).
Capillary Electrophoresis
For the CE operation, the sample was introduced by hydrodynamic injection at 8.5 cm for 30 s, and the electropherogram was developed in the 60 cm silica capillary at room temperature by applying a high voltage of 25 kV through the electrophoretic buffer with detection at 360 nm. The CE apparatus was placed inside an air-conditioned room with controlled humidity (<70% relative humidity) and temperature (25°± 1°C). rity of the standards was checked by LC. External standard calibration was used with the analytical signal based on the peak area obtained from the integrator. The linear range of the working curve was obtained by least-squares regression with the correlation coefficient >0.99. The upper and lower ends of the working range were the experimental data points which deviated within 15% from the linear range. To validate the sampling step, 2 cartridges were used in series to check the sampling efficiency at a flow rate of 0.25 L/min, and a blank cartridge was used to check field contamination. The recovery from a spiked sampling cartridge was around 90-105%.
Calibration and Validation
Precision and Detection Limit
Precision was determined by analyzing 3 replicate samples containing a mixture of 14 DNPH-carbonyl derivatives in acetonitrile with a concentration of 0.125M for each derivative. Peak areas from the integrator were used to compute the relative standard deviation (RSD). Calculation of the detection limit was based on a signal-to-noise (S/N) ratio of 2.
Sampling and Analytical Procedure
The sampling cartridge was prepared by adding 0.5 g 30-70 mesh chromatographic grade silica gel (E. Merck) to a small glass tube. The cartridge was precleaned and wetted by slowly passing through 2 mL LC grade acetonitrile before impregnation. The cartridge was inpregnated by slowly passing through 2 mL of a solution containing 0.14 g DNPH and 1 mL orthophosphoric acid in 100 mL acetonitrile. A gentle flow of nitrogen purified by activated charcoal (BDH) was used to remove excess reagent, and the cartridge was dried for 2 h with nitrogen at a flow rate of 50 mL/min. After drying, each cartridge was sealed with Teflon tape, wrapped in aluminum foil, and stored in the refrigerator until used.
The air sample was collected by removing the Teflon tape from the glass tube and connecting the downstream end of the cartridge to a flow meter and a small air sampling pump (Dymax 2A, Charles Austen Pumps Ltd., Byfleet, UK). The sampling rate was set at 0.25 L/min for 1 h. After sampling, each cartridge was resealed, wrapped in aluminum foil, and stored in the refrigerator until laboratory analysis.
Each cartridge was eluted slowly with 2 mL of LC grade acetonitrile, and small particles were removed from the sample extract by passing it through a 0.45 µm nylon membrane filter. The extract was reduced to ca 0.2 mL by heating in a water bath. The solution was then transferred to a V-shaped microtube for slow evaporation to dryness under vacuum over 2 h. A 2 µL portion of acetonitrile was then added to the microtube and mixed in a vibromixer (Type 37600, Thermolyne Corp., Dubuque, IA) for 10 s before injection by hydrodynamic sampling into the CE system for separation and quantitation.
For determination of carbonyl compounds in ambient air, the following 3 major steps were used: sampling, preconcentration, and MECC separation and quantitation. A flowchart of the operating procedure is shown in Figure 1 .
Results and Discussion
Optimization of Separation Conditions
For MECC separation, the BGE commonly used contains 50 mM SDS and 20 mM borate to provide the pseudostationary and moving electrolyte phases, respectively, for partition and separation. However, the separation efficiency for DNPH derivatives of aldehydes and ketones was not sufficient with this BGE. To improve the separation of DNPH-propionaldehyde and DNPH-acrolein, 10% acetonitrile was added (21) . However, only 4 simple carbonyl derivatives could be separated, and DNPH derivatives for C4-C6 aldehydes and ketones could not be separated with this modification.
To improve the separation of the different carbonyl-DNPH derivatives, methanol was added to the BGE in this study to enhance its differentiating power for different carbonyl derivatives. The results indicated that the separation between the carbonyl derivatives was increased at a higher methanol concentration and that all 14 carbonyl-DNPH derivatives were separated except the isobutyraldehyde and butyraldehyde derivatives. However, migration time was also increased at the higher methanol concentration, in particular for a BGE with a methanol concentration >20% (v/v). As a compromise, 20% (v/v) methanol was selected for subsequent investigation.
The effect of increasing the concentrations of SDS and borate on the migration time of the carbonyl-DNPH derivatives followed the same trend as the higher methanol concentration, with longer migration time and better separation; however, the isobutyraldehyde and butyraldehyde derivatives were not separated. The migration order for the different carbonyl derivatives was the same for both SDS and borate. To keep the total migration time within 30 min, an SDS concentration of 50 mM and a borate concentration of 20 mM were selected.
The effect of the BGE pH on the migration time of the carbonyl derivatives was found to follow the opposite trend of increasing migration time at a lower pH. Again, the same migration order was followed, and the derivatives of isobutyraldehyde and butyraldehyde were not separated. Because the original pH of the aqueous buffer of 20 mM borate and 50 mM SDS was 9.2 before it was mixed with methanol, 9.2 was selected as the BGE pH to simplify the procedure; it gave a total analysis time of <30 min, and the migration times for the different carbonyl derivatives were fairly constant at pH >9.
Applying a higher voltage was found to reduce the migration time of DNPH-carbonyl derivatives. However, too high a driving voltage would prevent the formation of micelles by SDS. Thus, the voltage selected was 25 kV because the total migration time was <30 min.
In summary, under an applied voltage of 25 kV, the optimized composition of the BGE for the separation of 14 DNPH derivatives of aldehydes and ketones were found to be as follows: 20 mM borate, 50 mM SDS, 20% (v/v) methanol with pH kept at 9.2 (Table 1 ). An electropherogram with well-separated peaks for 14 carbonyl derivatives was obtained ( Figure 2 ) with all peaks baseline separated except those for the isobutyraldehyde and butyraldehyde derivatives. The migration order in general followed the complexity of the carbonyl derivatives, with simple compounds migrating from the column first. The whole separation was completed within 30 min.
Analytical Performance and Applicability Studies
Hydrodynamic sampling was used to introduce the sample because it gave no sample bias for the different carbonyl derivatives. The detection wavelength was set at 360 nm because it gave the highest absorbance for most carbonyl derivatives. The optimized analytical parameters for the determination of DNPH-carbonyl derivatives in acetonitrile by MECC are listed in Table 1 . The results are expressed as mg carbonyl/L acetonitrile. The detection limits based on an S/N of 2 were found to range from 0.10 to 0.77 mg/L, the working range was 0.3-86 mg/L, and the relative standard deviation ranged from 2.3 to 6.6% (n = 3).
Two major factors were found to affect the preconcentration ratio. The first factor was the volume of air pumped or the time of sampling. The second factor was the reduction ratio of the organic solvent used to elute the DNPH-carbonyl derivatives from the cartridge and that used for injection into the CE system for separation. In order to be able to differentiate mobile sources from stationary sources, the preferable sampling time should be <1 h. The maximum preconcentration factor achieved was a 1000-fold enrichment by reducing the organic solvent from 2 mL to 2 µL. Under these conditions, results for the analytical parameters for the determination of aldehydes and ketones in ambient air, using the developed procedure, are shown in Table 2 . Most carbonyl compounds in air were determined with detection limits ranging from 0.008 to 0.1 µg/m 3 and a working range of 0.04-11 mg/m 3 for 1 h sampling at a flow rate of 0.25 L/min. It should be noted that the working range could be adjusted to extend its upper limit by choosing a suitable dilution ratio of the organic solvent before injection into the CE system for separation. In fact, the concentrations of the aldehydes sampled in the field were found to be higher than expected and required a 10-fold dilution of the organic solvent (Table 3) .
Two sampling sites were selected for monitoring carbonyl compounds. The first site was inside a chemical laboratory, and 2 sampling points were used, one near a working bench and the other inside a fumehood. The second site was at Bonham Road near the entrance to the University of Hong Kong. Again, 2 sampling points were taken, one with a prefilter of 0.45 µm for removing particulate matter and the other without a filter. The electropherogram for the DNPH derivatives of the carbonyl compounds collected at the roadside sampling site is shown in Figure 3 . Formaldehyde, acetaldehyde, acetone, and 2 peaks due to unknown compounds were observed, and a baseline separation was obtained for the carbonyl compounds collected.
The results obtained for the field sampling are given in Table 3. Concentrations of acetone and acetaldehyde were found to be much higher in the chemical laboratory than on the street (3300 and 55 µg/m 3 vs 63 and 13 µg/m 3 , respectively), presumably because of the organic solvents used for cleaning in the laboratory. The air particulate matter was found to contribute a significant load of carbonyl compounds at the street sampling site, as indicated by a marked increase in both acetone and acetaldehyde concentrations for the sampling point without the filter, compared to the one nearby with the filter (63 and 13 µg/m 3 vs ND and 6 µg/m 3 , respectively). The results obtained in this study demonstrated the applicability of CE as a fast and convenient means for separating and determining carbonyl compounds in ambient air. Compared with LC, the CE method offers much higher sensitivity. Most carbonyl compounds in air were determined with detection limits ranging from 0.008 to 0.1 µg/m 3 and a working range of 0.04-11 µg/m 3 . Thus, a smaller sample volume is needed for CE than for LC, e.g., 15 vs 60 L air, respectively (15), for carbonyl compounds at a concentration of 0.1 µg/m 3 . Moreover, CE gave greater resolution and therefore improved separation of a mixture of carbonyl-DNPH derivatives (17) . It required less liquid sample for injection, i.e., nL for CE vs µL for LC (13, 10, 16) . Because of its extremely low reagent consumption, CE is less expensive and safer than LC for separations using expensive, high-purity organic solvents.
